Improvements in understanding how to design future mesocombustors, currently under rapid development in particular for propulsion, e.g., for UAVs, and as meso-electrical power generators, are mandatory. In view of this scenario and, to advances previous analysis carried out at ambient pressure by the authors, the numerical and experimental investigation of a 254 mm 3 swirling cylindrical mesocombustor, fed by methane/air at an equivalence ratio Φ=0.7 and at 3 bar, has been performed. The combustion pressure has been chosen based on the values quoted in literature for centimeter sized gas turbine. Exhaust gas temperature and composition have been measured for several mass flow rates. A reduction in chemical efficiency is observed by increasing the input thermal power (i.e. the total mass flow rate) at fixed equivalence ratio due to the shorter gas residence time. The operative condition corresponding to high efficiency and smaller mass flow rate has been numerically investigated adopting the RANS k-ε approach, with finite rate chemistry kinetic mechanism (GRIMech 1.2, 32 species and 177 reactions) and the EDC turbulence-combustion coupling model.
Introduction
This paper reports the numerical and experimental investigation of a non-premixed swirling cylindrical meso-combustor, which burns methane and air at 3 bar and develops about 100 W of thermal power.
Possible applications of this combustor are in micro gas-turbines and for micropropulsion in general.
In literature a mesoscale combustion regime is defined as one where the combustor size is of the same order of the thickness of the flame preheating zone [1] [2] [3] [4] .
This implies that the characteristic dimensions of the combustor is of the order of the quenching diameter (millimeters), consistent with the present combustion chamber characteristic dimension.
This work is the natural continuation of a previous analysis at ambient pressure [5] and is based on the same 3D geometry described there and reported briefly in section 2 [6, 7] .
Previous works in micro-meso propulsion, which deal with scaling laws and fluid dynamics and combustion, are respectively available in [8] [9] [10] [11] and [2, 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . A recent review paper on meso and microcombustion is [4] .
3-D numerical simulations of methane-air combustion in pressurized swirling mesocombustors are not common: most works found in the literature have investigated combustion of propane in micro/meso sized combustor, at ambient pressure, by assuming 2-D axi-symmetrical geometry and reduced kinetic mechanisms [2, 3, [12] [13] [14] [15] [16] [17] [18] 21, 23] .
In the literature on micro-mesocombustion, seven works deal with methane fuel [2, 3, 15, 16, [19] [20] [21] [22] 24] , five of them assuming 2-D combustion chambers and ambient pressure.
Among them, only Wu et al. [24] analyzes 3-D swirling combustion chambers similar to that in the present work.
In particular Wu et al. focuses on flame stabilization and flow evolution, mostly by means of experiments at atmospheric pressure using hydrogen, methane and propane fuels; micro-chambers are from 2 to 20 times smaller than the one presented here.
Wu et al. reported combustion efficiencies higher than 90% when burning hydrogen in volumes smaller than 124 mm 3 ; in contrast in their smallest combustion chamber, stable methane combustion could be achieved only by enriching air with oxygen.
Finally they compared the experimental results to CFD simulations with a global 1-step kinetics [24] .
In the present work, and differently from that of Wu et al. [24] , we use a detailed kinetics mechanism (GRIMech 1.2) and we investigate the mesocombustor behavior at a pressure above atmospheric, in particular at 3 bar. The value of the combustion pressure was chosen because it is close to those reported in literature for ultra-micro gas turbine systems which use centimeter scale single-stage centrifugal compressors [25, 26] .
The paper is structured as follows: section 2 provides the description of the combustion chamber, of the experimental set-up and of the procedures; section 3 describes the numerical approach, the turbulence and combustion models adopted and provides the operating and boundary conditions; section 4 reports the experimental and numerical results along with their discussion and comparison. 
Meso-combustor, Experimental Set-up and Procedures
The non-premixed meso-scale combustor is shown in Fig. 1 .
The cylindrical combustion chamber is 0.006 m in diameter and 0.009 m in length, its volume is about 254 mm 3 . Swirl is generated by tangential air injection, to improve mixing the gaseous methane is injected in the radial direction, at 90° with respect to the air flow. Both air and fuel injection orifices are 1 mm in diameter. The exit port is 2 mm in diameter; gases exhaust in the tangential direction, see Fig. 1 .
An insulated N type thermocouple (1 mm in diameter), located in front of the exit port and at about 1 mm away from it, measures the exhaust gas temperature T exit . The latter is corrected for thermocouple radiative losses [27] . Radiation correction is calculated using the Kramers correlation reported in [27] and assuming the emissivity of the pyrosil thermocouple sheath equal to 0.82. The correction resulted to be between about 60 and 90 K for the investigated test cases. A bare wire K type thermocouple (1 mm in diameter) is used to measure the combustor wall temperature, T wall .
The gas supply and metering system is the same used in [6] and [7] . Ambient air is used as oxidizer while methane (99.5% purity) is the fuel. Tests at pressure higher than the atmospheric one are carried out by placing the meso-combustor inside a pressurized vessel of about 1.5 liters in volume. To quench reaction outside the combustor the vessel is pressurized using nitrogen. A dedicated thermal mass flow meter is used to measure and to control the nitrogen mass flow. The constant and desired pressure level is obtained by venting the gas through a sonic orifice and by an appropriate regulation of the nitrogen mass flow rate.
Burned gases are sampled at the exit of the pressurized vessel for pollutant emissions analysis. A non-dispersive infrared (NDIR) analyzer is used to measure CO and CO 2 concentrations, while paramagnetic technique is used for O 2 concentration. Flame ionization detector (FID) is used to measure the total unburned hydrocarbons (TUHC).
To correctly compare the experimental values obtained at different operative conditions, the molar fraction of the generic specie i, measured i χ , measured at the exit of the vessel is normalized by taking into account the pressurizing N 2 flow rate, Eq. 1:
where 2 N n is the molar flow rate of pressurizing nitrogen, n tot is the total molar flow rate of air and methane and i χ is the normalized molar fraction. 
The value of Table 1 . The input thermal power, P th , is computed by multiplying the mass flow rate of CH 4 by its LHV (50.016 MJ/kg), while the total mass flow rate, m , is computed as the sum of the air and methane mass flow rates.
The global equivalence ratio Φ is computed as the ratio between fuel and air mass flow rates divided by the stoichiometric value, the latter equal to 1/17.168. The chemical efficiency, η c , is defined as the fraction of the fuel converted to CO 2. Its value is estimated from the dry molar fractions of CO, CO 2 and total unburned hydrocarbon TUHC according to Eq. 3. 
The combined calibration, repeatability and linearity errors resulted in an uncertainty on measured i χ of about 4%. Each measurement is repeated 3 times and only the mean value is reported here. Based on the 3 sets of measurements, the maximum standard error of η c at the 95% of confidence level is estimated to be less than 4%.
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Numerical Simulation
Among the configurations reported in Table 1 , that with 6,26E-05 kg/s of mass flow rate is one of the most efficient, see section 4.1. Thus this condition has been numerically reproduced in order to cross check the experimental and numeric data, to tune the CFD software, and to understand whether it is an available tool to simulate that kind of devices. Operating and Boundary Conditions. A steady RANS simulation is carried out in FLUENT. The inlet BCs are the methane and air flow rates measured during the experiments, which are consistent with the nominal combustor power. BCs at the outlet and on walls were respectively: 3 bar pressure and no-slip conditions with a uniform wall temperature of 515 K. This value corresponds to an average of the wall temperatures measured during the experimental runs. Overall operating and boundary conditions are reported in Table 2 .
The Reynolds numbers of air and fuel jets evaluated on the diameter of the injection port and from the bulk injection velocities suggest a laminar regime for the fuel jet, whether it is fully developed or not is questionable, and a moderately turbulent regime for the air jet, see Table 2 . As shown in the work of Dellimore and Cadou, laminar and moderately turbulent flow regimes are a typical feature of micro and meso-combustor [28] . The swirling meso-chamber fluid-dynamics regime is affected in particular by temperature, since it affects, directly, viscosity and, secondly, velocity by gas expansion.
The outcome is determined by competition between these two effects and by the complex fluid dynamics including swirl and recirculation, see section 4.
The impinging of the air and the fuels jets at 90° promotes vorticity, and eventually turbulence, hence mixing is expected to be enhanced.
These brief considerations explain why providing a "uniquely defined Reynolds number" inside the chamber is practically impossible: laminar zones may locally exist inside turbulent zones and vice versa.
This fact begs the question of which approach should be chosen to solve the reactive Navier-Stokes equations, and is discussed in section 3.3. Mesh. The mesh sensitivity analysis was performed to obtain grid-independent results. The quantity used to judge the effect of the mesh was the Swirl number calculated with different grids, the resulting CPU time being the cost. The swirl number, Sw, is defined in Eq. 4 as the axial flux of swirling momentum divided by the axial flux of axial momentum, times the chamber diameter, D:
where ρ is the gas density, u θ and u z denote flow velocity in the azimuthal and axial directions, respectively. The surface integrals in Eq. 4 are calculated at the section located at Z=0.008 m and shown in Fig. 1(right) as plane P8.
With the inlet conditions of Table 2 , the computed Swirl number is, respectively, 6.31 and 3.3 at cold and reacting conditions, showing how higher temperature leads to a greater axial momentum. The value of Sw varied with mesh resolution; 480K, 506K and 660Kcell meshes were obtained (by trial and error) by imposing ceilings on the temperature gradient based on the grid size [29] .
The choice of the max temperature gradient as the constraint variable was suggested by the mesocombustion chamber dimensions and thus surface/volume ratio, that naturally magnifies wall heat fluxes.
The mesh sensitivity analysis has been carried out using steady-RANS calculations and results were compared at the same convergence level (percent mass residue of order 10 -4 ), and difference between mass flow at inlet and outlet equal to 1×10 -9 kg, that is, 3 orders of magnitude lower than the methane mass flow. The first simulation (with 480K cells) showed the temperature gradient ranged from 6 ×10 -7 to 9.
Deemed too large, the maximum temperature gradient was first reduced to 4 by adding 26K cells and finally to 3 by using a total of 660K cells.
"Reordering, smoothing and swapping" techniques were adopted for all the 3 meshes in order to speed up calculations and increase mesh quality.
In particular, reordering (reverse Cuthill-Mckee method, [30] ) was adopted to reduce the bandwith of the cell neighbor number, in order to speed up the calculations, while "smoothing and swapping" were used, respectively, to reposition nodes (by lowering the maximum skewness of the grid), and to modify the cell connectivity.
The latter technique produces a constrained Delaunay mesh [31] in which the minimum angles in the mesh are maximized, tending toward equilateral cells and hence providing the 'most equilateral' grid for the given node distribution. Results evidenced that by increasing the number of cell the swirl number under isothermal condition tended asymptotically to 6.32 and that the best compromise between CPU cost and accuracy was the mesh with 506K cells; this mesh was therefore used.
With that, the first point near the wall is at y+<4 and ∆y+<1 that is, the first point away from the wall may be assumed inside the viscous sublayer.
Results demonstrate that the low y+ is due to the mesh quality but also to the large dissipative structures scale at high temperature and low velocity, both contributing to depress the Reynolds number (see the following sections). Turbulence and Combustion Modeling. The realizable k-ε RANS model has been adopted for simulations (the term "realizable" means that the model satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of turbulent flows) [32] . The laminar vs. turbulent regime uncertainty inside the chamber poses the problem of the modeling approach.
A pure laminar approach would of course be unable to predict turbulent field zones, of crucial importance when reactions are present, while turbulent models would over-predict transport wherever the actual regime was laminar.
To shed some light on this question, it is worth to analyze the Kolmogorov scale ( ) Fig. 2 show that defining a single regime inside the chamber would be incorrect, because the Kolmogorov scale is from one-to two-order of magnitude smaller than the chamber characteristic dimensions, thus identifying weak turbulence zones together with laminar ones.
The "smallest" η k are in a small region close to the inlet (this region is characterized by low temperature and high velocity) and close to the wall (region at low temperature and low velocity), while the largest η k are in the core of the combustion chamber, where temperature is high. The work in [3] helps to solve the quandary of assuming that the turbulent regime matches better with real swirling mesocombustion phenomena, in fact it reports that at Re>500 this assumption becomes necessary to ensure satisfactory agreement between numerical and experimental results. This done, continuity and momentum equations are then solved by the realizable k-ε RANS model, which takes into account also the mean strain and rotation rates (through the turbulent kinetic energy k e the dissipation rate ε) [32] . This is the reason for using the realizable model in the present geometry, where the streamlines curvature is ~10 3 m -1 or more. Turbulence-combustion coupling is modeled by the Eddy Dissipation Concept (EDC), an extension of the eddy dissipation model to include detailed chemical kinetics [33, 34] . EDC assumes that reactions occur in the smallest turbulent structures, called 'fine scales'. Methane/air kinetics is modeled by the GRIMech 1.2 mechanism [35] including 32 species and 177 reactions. The specific heats C pi are fitted by polynomials of temperature from the GRIMech Thermo Data file [36], while gas kinetic theory [37] predicts transport properties, µ and k. The gas mixtures molecular viscosity and the thermal conductivity were calculated according to the Wilke's formula [38] . Numerical Approach. The numerical equations were solved on a 2-processor Quad-Core Xeon™ machine, with 16GByte RAM per unit. The simulation was carried on with a finite-volume, pressure-based solver (from the Ansys 13 CFD software). The pressure-velocity coupling is resolved by the PISO scheme. The spatial discretization is the third-order MUSCL scheme [39] for all the variables but the pressure which is at the second order. Table 3 , where concentrations are those computed according to Eqs. 1-2; one global equivalence ratio and four different total mass flow rates, m , were analyzed.
Results
Experimental Results. A summary of the experimental results are reported in
The residence time, τ, of gases inside the combustor is computed according to Eq. 5, values of τ at the different operating conditions are shown in Table. In Eq. 5, V is the volume of the combustor chamber (254 mm 3 ), p is the pressure (~304 kPa), M is the average molar mass of combustion products. The latter is assumed equal to the mean molar mass of combustion products in the case of complete methane oxidation ( M ≈ 28 kg/kmole). Finally ℜ is the universal gas constant (8314 J/kmole K).
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Due to the intricate flow structure originated by the whirl flow and jets impinging Eq. 5 has to be considered only as an estimate of a mean residence time.
The experimental results of Table 3 show that both η c and 2 CO χ increase by decreasing m and rich their maximum value at m =1.25E-04 kg/s (i.e. τ = 1.5 ms). At the same time TUHC χ increases when τ increases from 1.5 ms to 3.5 ms. Thus optimum performances are achieved at τ shorter than the maximum one (i.e. 1.5 ms vs 3.5 ms). This behavior originated from two competing effects:
longer residence times allow more CO to be oxidized to CO 2 ; on the other side by increasing τ heat losses increase and the combustion temperature decreases, this slows down and eventually quench methane and CO oxidation and decreases CO 2 formation. Thus at sufficiently long τ (i.e. small mass flow rates) heat losses hamper full methane oxidation. The values of CO χ and TUHC χ evidence a sharply increases at τ shorter than about 1.5 ms. This confirm that at high mass flow rates the short residence time limits the chemical efficiency by limiting the oxidation of CO and of unburned hydrocarbon.
Combustor power density, computed as ~c th P V η , resulted to be maximum at m = 2,09E-04 kg/s , i.e. τ ~1 ms, and equal to about 1 GW/m 3 , see Table 3 . Results show that while the maximum η c and T exit , occur when m ≤ 1.25E-04 kg/s, the highest power density and output thermal power, ( ) exit mh T , are reached at higher m . Numerical Results. The iterative solution was assumed converged when the difference between inlet and outlet mass flow rates was <1×10 -10 kg/s, i.e., respectively four-and five-orders of magnitude smaller than the methane and air inlet flow rates. Fig.3 shows the temperature field. For clarity, only slices at 0.001m (P1), 0.003m (P3), 0.005m (P5) and at 0.008m (P8) are reported here; slices at 0.008m (P8) and at 0.001m (P1) are at the inlet and the outlet plane, respectively, see Fig. 1(right) . The maximum temperature everywhere in the field is predicted to be ≈ 2007K. At the exhaust section the spatially-averaged temperature is about 1280K. Fig.3 (left) shows a high temperature central recirculation zone (a hot bubble), where temperature peaks, and a colder zone close the wall; this is due to the centrifugal force: as the reacting flow swirls, the centrifugal force "pushes" fresh reactants toward the wall, the pressure drops near the bubble axis, see Fig. 3 (right) , forcing the lighter hot flow to recirculate before exhausting. This forced stratification naturally protect the wall from the high gas temperature. The highest gas temperature is located away from the wall and it approximately follows the spiraling jet originated by the air injection and going from the air inlet to the outlet, see Fig. 3 (left). Fig. 4 shows the CH 4 mass fraction map inside the chamber at different heights. In particular the CH 4 map is shown at the inlet plane, P8; it is evident that an air 'reflux' toward the methane duct is present, justified by the air/methane momentum flux ratio, ( ) ( ) It might be interesting to understand whether the reflux may be useful (by premixing) or detrimental to combustion efficiency. In the latter case the methane inlet duct diameter should be reduced in future study in order to avoid the reflux and to increase combustion efficiency.
Figg. 5-6 shows the CO, OH, CO 2 and H mass fraction map inside the chamber according to the reaction reported in Eq. 6. OH is mostly responsible for CO oxidation according to the reaction
The results evidenced that the highest CO concentrations are situated in the relatively cold annular region close to the wall and in the cylindrical exit duct, see Fig. 5 (left) , while the maximum OH concentration are found in the central region of the mesocombustor, see Fig. 5 (right) . More precisely the highest OH concentrations regions seems to approximately overlap the highest temperature regions already described. The high temperature region and the boundary between the OH and CO zones should define the flame shape. The flame appears to have a spiral shape that approximately follows the path of the inlet air jet (and the wall curvature), moreover a second flame tongue originated at the air/fuel injection, head towards the upper wall and circulate back to the air injection point. In both cases the flame stands very close to the combustor wall (approximately between 0.5 and 1 mm). This result along with the distribution of CO concentration suggest that CO is generated by the incomplete oxidation of methane due to the cold wall-flame interaction. Moreover by looking at the CH 4 distribution it can be observed that despite the impinging jets configuration some fuel unmixedness exist, Fig. 4 (right) , and a fuel-rich zone can be observed close to wall along the spiraling path of the air/fuel jet.
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Mechanical Engineering, Industrial Materials and Industrial Electronics Flow reversal is brought about by the geometry, in particular because the outlet section is perpendicular to the cylinder axis and tangent to its external surface, see Fig. 1 . Finally the flow in the core of the chamber is similar to a recirculation bubble, it is characterized by slow velocities, high temperatures and high combustion products concentration. This recirculation zone providing heat and OH radicals to the flame is expected to be mostly responsible for flame stabilization and for the high combustion efficiency (see Table 4 ). Moreover due to the strong whirl motion the flow and gas species stratification originated in the combustion chamber is brought by till the exhaust section. This temperature non-uniformity could be an issue when using the combustor in a gas turbine because it can generate hot spot on the turbine blades, thus this point it should deserve further analysis in future.
The dry molar fractions of relevant species at the exhaust are computed as ( ) 
Computed concentrations once corrected according to Eq. 7, i.e. Table 4 .
This result comes from a higher fraction of methane converted into CO 2 in the simulation and evidenced by the higher concentration of CO 2 at the exhaust, Table 4 . Being more CO 2 formed, less TUHC and O 2 are found in the exhaust compared to the experimental case, more heat is generated and T exit is higher than the experimental value.
The latter result evidence that the numerical simulation likely overestimates the gas temperature inside the combustor. higher temperatures favor the dissociation of CO 2 and decrease the residence time by lowering the gas density, this justify the higher value of 2 CO CO χ χ obtained in the simulation respect to the experiments (i.e. from Table 4 : ~0.13 vs ~0.1).
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Mechanical Engineering, Industrial Materials and Industrial Electronics While the difference between measured and computed concentrations can be qualitatively explained, the quantitative difference seems to be not completely justified. One hypothesis is that a significant molar fraction of formaldehyde (CH 2 O), an intermediate product in the combustion of CH 4 and usually emitted in significant amount when flame quenches, should exists in the exhausts gases. The measured value of the TUHC does not take into account the CH 2 O because FID is very weakly sensitive to formaldehyde.
If this is the case, the numerical simulation underestimates the molar fraction of CH 2 O emitted at the exhaust (current simulation: CH2O ~140 ppm) and gives a higher molar fraction of CO 2 . Moreover in this case, the differences between the numeric chemical efficiencies and the experimental one will be higher than those shown in Table 4 , being the measured value estimated without taking into account the CH 2 O.
Conclusions
This work focuses on the numerical and experimental investigation of the performance of a nonpremixed air/methane meso-combustion chamber operating at a pressure of 3 bar and Φ=0.7. The experimental results evidenced that the mesocombustor is able to achieve a high chemical efficiency (84%) and high power density (~1 GW/m 3 ), nevertheless not simultaneously. The chemical efficiency is favored by a decrease in the mass flow rate (i.e. an increase in residence time) while power density is favored by high mass flow rate. Heat losses become significant at small flow rates and at small m they decrease/limit the chemical efficiency. The highest measured exhaust gas-temperature is 1385 K.
A numerical approach based on the RANS equation, the realizable k-ε turbulence model and the EDC combustion model has been adopted to investigate the performances and the flow-field of the meso-combustor at Φ=0.7 and m =6,26E-05 kg/s. A detailed kinetic scheme has been adopted by implementing the GRIMech1.2 scheme in the EDC model.
For the applications of interest, the most important numerical results might be highlighted in: • the flow field regime inside the chamber: the Kolmogorov scales show laminar zones together with weak turbulence zones; • wide recirculation zones provide heat and OH radicals to the flame, and are expected to be mostly responsible for flame stabilization and to achieve high combustion efficiency; • the flame appears to have a spiral shape that approximately follows the path of the inlet air jet, moreover a second flame tongue originated at the air/fuel injection, head towards the upper wall and circulate back to the air injection point. Comparison between numerical and experimental results show that: • the exhaust temperature predictions differ of less than 100K, in particular numerics Figg. out a value close to 1280K, while experiments close to 1188K (differing of about 7.1% from numerics); • molar concentrations of CO and CO 2 obtained from the simulation are overestimated while those of O 2 and TUHC are underestimated compared to the measured ones; • despite the previous result, the computed and the measured chemical efficiencies differs of less than 1.2 %, thus a comparison based only on this parameter should be analyzed cautiously.
Finally the numerical simulation appears to be able to at least qualitatively catch the behavior of the mesocombustor (exit temperature, efficiency), and to be a useful tool to improve understanding and design of such devices.
